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Millions of people suffer from foodborne diseases throughout the world every year, and the importance of food safety has grown
worldwide in recent years. The aim of this study was to investigate the survival of hepatitis A virus (HAV) and viral surrogates of
human norovirus (HuNoV) (bacteriophage MS2 and murine norovirus [MNV]) in food over time. HAV, MNV, and MS2 were
inoculated onto either the digestive gland of oysters or the surface of fresh peppers, and their survival on these food matrices was
measured under various temperature (4°C, 15°C, 25°C, and 40°C) and relative humidity (RH) (50% and 70%) conditions. Inocu-
lated viruses were recovered from food samples and quantified by a plaque assay at predetermined time points over 2 weeks (0, 1,
3, 7, 10, and 14 days). Virus survival was influenced primarily by temperature. On peppers at 40°C and at 50% RH, >4- and 6-log
reductions of MNV and HAV, respectively, occurred within 1 day. All three viruses survived better on oysters. In addition, HAV
survived better at 70% RH than at 50% RH. The survival data for HAV, MS2, and MNV were fit to three different mathematical
models (linear, Weibull, and biphasic models). Among them, the biphasic model was optimum in terms of goodness of fit. The
results of this study suggest that major foodborne viruses such as HAV and HuNoV can survive over prolonged periods of time
with a limited reduction in numbers. Because a persistence of foodborne virus on contaminated foods was observed, precaution-
ary preventive measures should be performed.

Throughout the world, millions of people suffer from food-
borne diseases every year, and the number of patients is

predicted to increase in proportion to global warming (1–3).
Foodborne diseases are transmitted via fecal-oral routes and
person-to-person contact. Among the numerous enteric
pathogenic viruses, human norovirus (HuNoV) and hepatitis
A virus (HAV) are considered to be the most important. In
recent reports (4–6), foodborne outbreaks of HuNoV and HAV
were closely associated with fresh produce (e.g., leafy greens
and fruits, etc.), shellfish (oysters and clams, etc.), and ready-
to-eat foods (e.g., salads and sandwiches, etc.).

HuNoV is considered to be the leading cause of foodborne
outbreaks worldwide (7). However, despite its importance to pub-
lic health, the inability to cultivate HuNoV in vitro makes research
difficult (8, 9). Therefore, several viruses, including feline calicivi-
rus (FCV), murine norovirus (MNV), Tulane virus, and bacterio-
phage MS2, have been proposed as surrogates for HuNoV (10–13)
due to similarities in size and genome structure. The incidence
rate of hepatitis A has decreased in most developed countries, but
massive sporadic outbreaks of hepatitis A from contaminated
foods have been continuously reported worldwide (14–16). For
example, �2 million patients were infected through the con-
sumption of HAV-contaminated oysters in China (17).

Viruses cannot replicate in food or water because an appropri-
ate host is required for viral replication. After contamination oc-
curs, the virus is subject to decay. Therefore, the survival of food-
borne viruses depends on various factors, such as the stability of
the virus, treatment of the food, and environmental conditions
(18). Enteric viruses were reported to be relatively resistant to
various environmental factors (e.g., low pH, heat, and water ac-
tivity) (19), and viral persistence in various environments (e.g.,
marine and soil environments) and fresh foods has been reported
(20, 21).

Some of the most commonly identified contaminated food

items are oysters and fresh vegetables. In particular, oysters are
known to be one of the important vehicles involved in both
HuNoV and HAV outbreaks (22–24). Contamination of oysters
readily occurs as they bioconcentrate waterborne viruses from
filter feeding in fecally contaminated waters (25–27). Consequen-
tially, the consumption of contaminated raw or uncooked oysters
increases the chance of a foodborne outbreak. Quick-frozen oys-
ters, which are sucked, packaged, and frozen to prolong their
shelf-life, have been widely distributed in the market. Previous
studies reported that imported frozen oysters were attributed to
outbreaks of HuNoV gastroenteritis in Australia (28) and the
United States (29). This suggests that frozen oysters can also be
associated with foodborne outbreaks and brings concerns with
expanding international trade. The demand for fruits and raw
vegetables has markedly increased in recent years due to growing
interest in healthy food. Potential routes of contamination of
these food items include soil, irrigation water, inadequately com-
posted fertilizer, and food handlers’ poor hygiene (30). Peppers
are steadily consumed vegetables (31) and popular ingredients in
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fresh-cut salads. However, little is known about the survival of
viruses on peppers under various environmental conditions. Al-
though they have not been directly linked to viral outbreaks, the
increasing demand for fresh produce leaves peppers as a potential
vector for a foodborne outbreak.

In this study, we investigated the survival of HAV and two
surrogates of HuNoV, MS2 and MNV, under various temperature
and relative humidity (RH) conditions. Two typical foods eaten
raw (i.e., oyster and pepper) were selected to be materials in this
experiment. Viral survival on either the digestive gland of oysters
or the surface of peppers was characterized. For further analysis,
the survival results for the tested viruses under various environ-
mental conditions were fit to three different mathematical mod-
els, and D (days to 1-log reduction) values were evaluated by using
the best-fit model.

MATERIALS AND METHODS
Preparation of viral stocks. HAV and MNV were cultivated according to
methods described previously (32). Briefly, HAV and MNV were propa-
gated in FRhK-4 cells and RAW 264.7 cells, respectively, in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Grand Island, NY, USA) sup-
plemented with 10% heat-inactivated fetal bovine serum (Gibco), 10 mM
HEPES (Gibco), 10 mM sodium bicarbonate (Gibco), 10 mM minimum
essential medium nonessential amino acids (Gibco), and gentamicin (50
g/liter) (Gibco). FRhK-4 cells were grown to confluence and then infected
with HAV for 1 h. After 9 to 10 days of incubation at 37°C in 5% CO2,
HAV-infected cells were treated with three freeze-thaw cycles and purified
with chloroform (Amresco, Solon, OH, USA), followed by centrifugation
at 5,000 � g for 20 min at 4°C. To concentrate HAV, supernatants were
collected and centrifuged by using an ultrafilter (Amicon Ultra-15; Milli-
pore, Billerica, MA, USA) at 5,000 � g for 20 min at 4°C 15 to 20 times.
Virus-containing supernatants were collected in 0.1-ml aliquots and
stored at �70°C. MNV was inoculated in confluent RAW 264.7 cells for 1
h and then incubated for 4 to 5 days. MNV-infected cells were exposed to
three free-thaw cycles, mixed with an equal volume of chloroform (Am-
resco), and then centrifuged at 5,000 � g for 20 min at 4°C. Supernatants
were subjected to ultrafiltration at 5,000 � g for 20 min at 4°C 15 to 20
times. Subsequently, virus-containing supernatants were kept frozen at
�70°C until use. Bacteriophage MS2 was propagated in Escherichia coli
C3000. MS2 stocks (0.1 ml) were thoroughly mixed with 0.3 ml of sub-
cultured E. coli C3000 cells and 30 ml of molten tryptic soy agar (TSA)
(BD, Sparks, MD, USA), and the mixtures were then poured into plates.
After incubation overnight at 37°C, the surfaces of the agar plates were
washed several times with phosphate-buffered saline (PBS) to collect the
virus. The MS2-containing suspension was collected in 0.1-ml aliquots
and stored at �70°C until use. The titers of virus stocks were quantitated
by a plaque assay.

Characterization of viral survival on oysters and peppers under var-
ious environmental conditions. Fresh peppers (Capsicum annuum) were
purchased from the local grocery market before the start of each experi-
ment. Frozen oysters (Crassostrea gigas) (shucked) were bought in bulk
from the local fish market in advance and stored at �70°C until use. We
decided to use frozen oysters with consideration of their wide distribution
in the market. Peppers were washed with running water and then cut into
2-cm squares to be similar to fresh-cut vegetables in the market. Frozen
oysters were defrosted at room temperature and then rinsed with running
water. Oysters possessing an intact midgut gland were selected as final
samples for inoculation. Both peppers and oysters were placed into petri
dishes and disinfected with UV radiation for 30 min. After preparation of
the food samples, 100 �l of HAV (2 � 106 PFU/ml), MS2 (2 � 107 PFU/
ml), or MNV (2 � 107 PFU/ml) was inoculated onto the smooth surface
of the pepper samples. For the oysters, to minimize weight differences
between samples, we determined that each single sample was composed of
two oysters. To inoculate 100 �l of virus per sample, 50 �l of virus was

directly injected into a piece of the midgut gland on each oyster by using a
disposable syringe. The midgut gland, called the region of viral bioaccu-
mulation, was dissected from the whole oyster and immersed in 20 ml of
PBS. Virus-inoculated food samples were placed into a temperature- and
RH-controlled environmental chamber (TH-TG-300; Jeio Tech, Dae-
jeon, South Korea). To simulate various storage conditions, four different
temperature settings (4°C, 15°C, 25°C, and 40°C) and two different RH
settings (50% and 70%) were used. While infected food samples were
stored in the chamber, viruses were recovered from samples at six time
points (0, 1, 3, 7, 10, and 14 days). On the day of inoculation (day 0),
viruses were recovered immediately after the inoculation step and then
used as a control for viral reduction. Viruses inoculated onto either pep-
pers or oysters were recovered by using sonication or centrifugation
methods, respectively. Briefly, peppers were immersed in 20 ml PBS and
sonicated for 30 min at 4°C. For oysters, a set of midgut tissues was placed
into a filter bag with 20 ml PBS and homogenized by using a stomacher
(Seward, West Sussex, United Kingdom) for 30 s. After homogenization,
15 ml of the homogenate was transferred into a conical tube, and centrif-
ugation was performed at 10,000 � g for 30 min at 4°C. Viruses recovered
from supernatants were analyzed by a plaque assay. When the virus titer
was below the limit of detection (LOD), the experiment was repeated by
using shorter recovery times (6, 12, and 24 h). The experiment was not
performed with MNV at 70% RH due to mold contamination. All exper-
iments were performed in triplicate.

Quantification of infectious viruses by a plaque assay. Infectious vi-
ral particles were measured by plaque assay (HAV and MNV) and by
single-agar-layer (SAL) (MS2) methods. To quantify HAV or MNV, con-
fluent cells (FRhK cells for HAV or RAW 264.7 cells for MNV) were
cultured in 6-well plates. Viral suspensions recovered from food samples
were serially diluted in serum-free DMEM from 10�1 to 10�5. The cells
were inoculated with 500 �l of recovered virus for 1 h and then covered
with 1.5% SeaPlaque agarose (Lonza, Rockland, ME, USA) mixed with an
equal volume of plaque assay medium. MNV plaques were counted
within 3 to 5 days. Plates containing HAV were incubated for 7 days at
37°C in 5% CO2, followed by a second overlay of agarose containing a 1%
neutral red solution (Sigma-Aldrich, St. Louis, MO, USA). The virus was
incubated for another 3 days, and plaques were then counted. To quantify
MS2, the SAL method was used, according to U.S. Environmental Protec-
tion Agency (EPA) standard protocols (33). Serial 10-fold dilutions of
MS2 suspensions recovered from food samples were mixed with E. coli
C3000 cells and TSA, and the mixtures were poured into 150-mm petri
dishes. After overnight incubation at 37°C, counts were obtained from
plates containing between 3 and 300 plaques.

Fitting the experimental data to three different models. To predict
the survivability of viruses based on time (days) after inoculation, mod-
eling analysis was performed. We compared three survival models (linear,
Weibull, and biphasic models) to find the model that best fit our observed
survival data. Survival curves were fit to the observed data points by using
SigmaPlot version 10.0 (Systat Software, San Jose, CA, USA), and predic-
tive curves were overlaid upon the survival curves by using the formula for
each model. Finally, the goodness of fit of the models was evaluated by
comparing parameters such as the regression coefficient (R2), root mean
square error (RMSE), and Akaike information criterion (AIC) (34). The
three models described below were used for this study.

The linear model is a general model for explaining the inactivation of
microorganisms at a constant temperature over time (35). The equation
for the linear model is log10 Nt/N0 � �t/D, where N0 and Nt denote the
initial virus titer (PFU/ml) and the virus titer after an elapsed time (PFU/
ml), respectively; t is exposure time (days); and D is the D value (decimal
reduction time), which is the time required to inactivate 90% of the virus,
indicating the thermal resistance of a microorganism (36).

Microbial survival curves may be nonlinear, having a sigmoidal shape
with a shoulder and tailing. The Weibull distribution is a well-known
nonlinear model with the equation log10 Nt/N0 � �btn (36, 37), where t is
exposure time (days) and b and n represent the scale parameter and shape
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parameter, respectively. The main advantage of the Weibull model is that
is describes both downward concave (shoulder) survival curves (n � 1)
and upward concave (tailing) survival curves (n � 1).

The biphasic model proposed by Kamau et al. (38) describes the inac-
tivation of microorganisms in two fractions. This model applies a logistic
equation to fit linear and nonlinear survival curves. The model also as-
sumes that microorganism numbers decrease exponentially throughout
the two phases and that the rate of decline of each phase is independent.
The equation of biphasic model is as follows:

log10

N(t)

N0
� log10� 2f

1 � eb1t �
2(1 � f )

1 � eb2t �
where f represents first fraction on the survival curve, b1 is the specific
death rate in the first slope, (1 � f) denotes the second fraction on the
survival slope, b2 denotes the specific death rate in the second slope, and t
is the exposure time (days) (39).

Statistical analysis. Means and standard deviations of the data ob-
tained were calculated by using Microsoft Excel 2010 (Microsoft Corpo-
ration, USA). Statistical significance was analyzed by one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test, using SPSS Statistics
version 21.0 (IBM, NY, USA). A P value of �0.05 was considered statis-
tically significant.

RESULTS
Inactivation curves of viruses under different temperature and
RH conditions. The survival kinetics of HAV, MS2, and MNV on
oysters and peppers under different temperature and RH condi-
tions are described in Fig. 1 and 2, respectively. Regardless of the
RH or the inoculated food, all tested viruses survived best at the
lowest temperature (4°C) and were inactivated most at the highest
temperature (40°C). On oysters, a �1-log reduction of both HAV
and MNV occurred at 4°C, even after 14 days. However, a �5-log

reduction of MNV occurred on peppers at 4°C. MNV showed the
shortest survival duration on peppers at all temperatures com-
pared to the other viruses. Viral survival was better on oysters than
on peppers, regardless of the temperature conditions; all tested
viruses, particularly MNV, survived much better on oysters. At a
given temperature, HAV survived better at higher RH, while MS2
survived better at lower RH. At 40°C, inactivation of HAV was �1
log at 50% RH but only 0.1 log at 70% RH at 1 day postinocula-
tion.

Model evaluation of the experimental data. To assess the sur-
vivability of each virus, three different models were applied to the
observed data: (i) a linear exponential model, (ii) the Weibull
model as a nonlinear model, and (iii) the biphasic model as an-
other nonlinear model. The goodness of fit of each model was
evaluated based on R2, RMSE, and AIC, and the results are sum-
marized in Table 1 (for details, see Tables S1 to S3 in the supple-
mental material). R2 and RMSE are the correlation coefficient and
the average deviation between the observed and predicted data,
respectively. Generally, higher R2 and lower RMSE values indicate
a better-fitting model (35). Under all environmental conditions
and for both food types, the linear model showed the poorest fit in
terms of both R2 (0.67) and RMSE (0.55). In contrast, there were
slight differences between the Weibull and biphasic models. The
mean R2 values for each virus were 0.89 (HAV), 0.93 (MS2), and
0.92 (MNV) for the Weibull model and 0.94 (HAV), 0.96 (MS2),
and 0.99 (MNV) for the biphasic model. The biphasic model gave
a lower mean RMSE (0.22) than did the Weibull model (0.37). As
the models include different numbers of parameters, AIC based
on the maximized likelihood was implemented, where lower val-
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FIG 1 Inactivation curves of foodborne viruses on oysters at 50% RH (A) and 70% RH (B), determined by a plaque assay. Each graph contains four survival
curves at the following four temperatures: 4°C (�), 15°C (�), 25°C (�), and 40°C (p). The error bars indicate standard deviations. There are no data for MNV
at 70% RH due to mold contamination. In the cases of HAV and MS2, mold appeared on foods after 10 days at 70% RH (B) and at 15°C (�), at which point the
experiments were stopped.
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ues indicate a better fit to the survival curves. Compared with the
Weibull model and the linear model, the biphasic model showed
low values of AIC overall.

To further evaluate the goodness of fit of the Weibull model
and the biphasic model, the correlations between observed and
predicted data were compared (Fig. 3). The plot indicates that the
biphasic model predicted the data better than did the Weibull
model. As the biphasic model appeared to be the best model for
explaining our data, we used this model for further analysis. Table
S4 in the supplemental material summarizes the parameters of the
fitted biphasic model. Table 2 shows the D values of the three
tested viruses predicted by the biphasic model under different
temperature and RH conditions.

DISCUSSION

In this study, we characterized the survival of HAV, MS2, and
MNV on either oysters or vegetables under various environmental
conditions and fit the data to three commonly used inactivation
models (linear, Weibull, and biphasic models). Our study indi-
cated that both temperature and food type are major factors in-
fluencing inactivation of all of the tested viruses. For example, at
4°C, viruses inoculated onto oysters were predicted to show only
1-log inactivation after 29 days (HAV), 48 days (MS2), and 14
days (MNV) postinoculation. The strong persistence of HAV and
MNV on oysters has been reported previously (21, 40, 41). Our
data support the current epidemiology suggesting that consump-
tion of virus-contaminated oysters causes gastroenteritis world-
wide. In addition, HAV and MS2 on peppers were observed to

remain infectious until 14 days postinoculation at 4°C and 15°C.
According to the predicted D value, a maximum of 17 days was
required for a 1-log reduction of HAV or MS2 at 4°C. However,
�1 day was required for MNV. The longer survival times at lower
temperatures shown by our data are consistent with data reported
in previous studies. Sun et al. (4) investigated the survival of HAV
on the surface of green onions at temperatures ranging from 3°C
to 24°C. When HAV-contaminated green onions were stored at
3°C, D values were 29 to 30 days, indicating even greater surviv-
ability than that shown by our data. In addition, Croci et al. (42)
reported that HAV on lettuce remained viable for over 9 days, and
the virus was completely inactivated on carrots on day 4 and on
fennel on day 7. While it is not possible to make a direct compar-
ison with data from previous studies due to differences in experi-
mental conditions, the results are similar, demonstrating that low-
er-temperature conditions decrease the reduction of viruses on
foods. Considering that vegetables and shellfish are typically

TABLE 1 Summary of estimated parameters for fitting the biphasic,
Weibull, and linear models to virus experimental dataa

Virus

Biphasic distribution Weibull distribution Linear distribution

R2 RMSE AIC R2 RMSE AIC R2 RMSE AIC

HAV 0.93 0.20 �8.81 0.89 0.21 �6.24 0.69 0.36 �3.42
MS2 0.91 0.29 �6.24 0.88 0.33 �5.19 0.68 0.43 �2.93
MNV 0.99 0.18 �82.86 0.92 0.57 0.73 0.65 0.86 4.65
a R2 is the correlation coefficient between the predicted and observed data, RMSE is the
root mean square error, and AIC is the Akaike information criterion.
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FIG 2 Inactivation curves of foodborne viruses on peppers at 50% RH (A) and 70% RH (B), determined by a plaque assay. Each graph contains four survival
curves at the following four temperatures: 4°C (�), 15°C (�), 25°C (�), and 40°C (p). The error bars indicate standard deviations. There are no data for MNV
at 70% RH due to mold contamination. In the cases of HAV and MS2, mold appeared on foods after 10 days at 70% RH (B) and at 15°C (�), at which point the
experiments were stopped.
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stored under refrigerated conditions, the survival properties of
foodborne viruses at 4°C are remarkably important. In addition,
under most conditions, infectious viruses were still detectable af-
ter 2 weeks.

In general, viruses survived better in oysters than on peppers in
this study. In addition, inactivation rates of viruses, particularly
MNV, were different between oysters and peppers. Given the same
quantity of inoculated virus, at 25°C, MNV was undetectable on
oysters after 10 days, whereas on peppers, it was undetectable after
only 1 day. HAV followed the same trend; HAV on oysters sur-
vived better by 1.4 to 4.1 log units than on peppers, depending on
the temperature conditions. The exact location of inoculation
could be an important factor. Viruses on peppers remained on the
surface, while viruses were inoculated into the digestive tract of the
oysters. These methods were used because viruses are generally
exposed to the outer surfaces of fresh vegetables (42) and the di-
gestive tract of shellfish (43-45). Harsh environmental conditions
would be much more detrimental to viruses inoculated on vege-
table surfaces than to those inside the digestive tract.

In addition, several research groups have proposed another
reason as to why viruses can persist for long periods on oysters
(46–48). With regard to the binding site of HuNoV, a certain
carbohydrate complex known as histo-blood group antigen
(HBGA) plays a major role as a virus receptor in humans and great
apes (49–51). HBGAs are found widely within body components
such as erythrocytes, saliva, and the surfaces of epithelial cells of
various tissues. Other enteric viruses, such as Tulane virus, are also
considered to use a type of HBGA as a binding receptor (52).
Interestingly, an HBGA-like complex associated with binding has

been verified to exist in oysters. Le Guyader et al. (47) found that
HuNoV binds to oyster tissue through an A-like carbohydrate
structure, which is also used for attachment to carbohydrate on
human epithelial cells. Poliovirus (PV) was also shown to attach to
shellfish mucus through ionic bonding, which is a similar process
of viral attachment to host cells (53). Another previous study re-
ported that hemocytes in oysters play an important role in the

TABLE 2 Summary of D values predicted by the biphasic model under
different temperature and RH conditions

Virus Temp (°C)

D valuea

Oyster Pepper

50% RH 70% RH 50% RH 70% RH

HAV 4 28.9 42.6 4.5 16.8
15 15.8 11.3 0.7 11.4
25 4.5 8.8 1.4 2.1
40 0.8 0.8 0.3 0.1

MS2 4 47.7 15.9 17.2 13.7
15 5.0 5.8 9.5 3.7
25 1.5 8.5 9.1 1.7
40 0.1 0.1 0.1 0.1

MNV 4 13.5 — 0.6 —
15 2.8 — 0.4 —
25 1.6 — 0.1 —
40 0.1 — 0.0 —

a —, MNV was observed at 50% RH only.
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retention of enteric viruses such as HAV, MNV, FCV, and PV
(21). The ability of virus to tolerate low pH is required for survival
within hemocytes in oysters. It is likely that specific binding or
tolerance of acidic conditions may allow the virus to persist inside
the digestive tissue.

In the case of vegetables, similar mechanisms were observed in
previous studies. Virus-like particles (VLPs) of HuNoV attached
to romaine lettuce (leaves and fresh-cut edges, etc.) by binding cell
wall carbohydrates (e.g., GalNAc, GlcNAc, and sialic acid) (54).
The surface charge of virions is associated with nonspecific bind-
ing to lettuce if viruses do not use specific cell surface receptors to
attach (55). Both specific and nonspecific interactions between
viruses and the surfaces of vegetables can affect binding ability. In
light of this, enteric viruses may not perish rapidly on the surfaces
of peppers because they bind to certain cell wall materials.

Water content in foodstuffs has been reported to play a signif-
icant role in stability and shelf life by influencing microbial growth
(56, 57). During long-term storage, water activity reaches equilib-
rium with RH slowly, depending on factors such as the structure
of food components, solvents, and other properties (58). This
study was performed based on the assumption that the moisture
content in virus-inoculated foods would be affected by the RH
maintained in the chamber. However, an influence of RH on viral
inactivation was not strongly observed in this study, especially in
oysters. Survival of viruses on oysters decreased with rising tem-
peratures but was rarely associated with variations in RH. Virus-
inoculated oysters retained constantly high moisture contents, as
they were stored in PBS. This means that the inactivation of vi-
ruses in oysters was solely the result of temperature. On the surface
of peppers, the D value of HAV was lower in 50% RH, while the D
value of MS2 was lower in 70% RH. The difference in D values was
clearly greater at lower temperatures. Unlike oysters, peppers were
exposed directly to both temperature and RH during the experi-
ment. Therefore, we infer that virus survival was influenced
mainly by temperature and that secondary effects occurred
through the combination of temperature and RH. Previous stud-
ies have also described synergistic effects of temperature and hu-
midity on viral inactivation (59, 60).

This study simultaneously compared the survival of HAV,
MS2, and MNV on different food types. MNV and MS2, which are
common surrogates of HuNoV, showed significantly different
survival characteristics in this study (P � 0.001). At 4°C, the D
value of MS2 was twice as high as that of MNV on oyster, and the
D value MNV decreased much more rapidly than did that of MS2
on pepper. A recent review article (12) described extensive differ-
ences between several surrogates of HuNoV in susceptibility to
temperature, environmental conditions, and chemical disinfec-
tants. Therefore, not all virus surrogates are equal because of fun-
damental discrepancies, such as genome, host cell, and binding
characteristics. In accordance with this, we suggest that the differ-
ences in inactivation rates between viral surrogates observed in
this study might also be attributed to such biological factors.

In summary, our study demonstrated the prolonged survival of
HAV, MS2, and MNV on typical foods without heat treatment.
Our findings suggest that foodborne viruses may last for �2 weeks
at 4°C, which means that viruses can remain infectious under
refrigerated conditions until foods are no longer consumable.
This implies that the natural decay of viruses on foods might not
provide adequate protection from viral pathogens once viral con-
tamination occurs. Therefore, to prevent foodborne disease out-

breaks, precautionary measures during food production and stor-
age processes should be considered to be more efficient than
efforts to reduce viral particles after contamination. This study
will be useful information for the establishment of food safety
guidelines.
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20. Rzeżutka A, Cook N. 2004. Survival of human enteric viruses in the
environment and food. FEMS Microbiol Rev 28:441– 453. http://dx.doi
.org/10.1016/j.femsre.2004.02.001.

21. Provost K, Dancho BA, Ozbay G, Anderson RS, Richards GP, Kingsley
DH. 2011. Hemocytes are sites of enteric virus persistence within oysters.
Appl Environ Microbiol 77:8360 – 8369. http://dx.doi.org/10.1128/AEM
.06887-11.

22. Fiore AE. 2004. Hepatitis A transmitted by food. Clin Infect Dis 38:705–
715. http://dx.doi.org/10.1086/381671.

23. Cheng PK, Wong DK, Chung TW, Lim WW. 2005. Norovirus contam-
ination found in oysters worldwide. J Med Virol 76:593–597. http://dx.doi
.org/10.1002/jmv.20402.

24. Murchie LW, Cruz-Romero M, Kerry JP, Linton M, Patterson MF,
Smiddy M, Kelly AL. 2005. High pressure processing of shellfish: a review
of microbiological and other quality aspects. Innov Food Sci Emerg Tech-
nol 6:257–270. http://dx.doi.org/10.1016/j.ifset.2005.04.001.

25. Sincero T, Levin D, Simões C, Barardi C. 2006. Detection of hepatitis A
virus (HAV) in oysters (Crassostrea gigas). Water Res 40:895–902. http:
//dx.doi.org/10.1016/j.watres.2005.12.005.

26. Grove SF, Lee A, Stewart CM, Ross T. 2009. Development of a high
pressure processing inactivation model for hepatitis A virus. J Food Prot
72:1434 –1442.

27. Calci KR, Meade GK, Tezloff RC, Kingsley DH. 2005. High-pressure
inactivation of hepatitis A virus within oysters. Appl Environ Microbiol
71:339 –343. http://dx.doi.org/10.1128/AEM.71.1.339-343.2005.

28. Webby R, Carville K, Kirk M, Greening G, Ratcliff R, Crerar S, Demp-
sey K, Sarna M, Stafford R, Patel M. 2007. Internationally distributed
frozen oyster meat causing multiple outbreaks of norovirus infection
in Australia. Clin Infect Dis 44:1026 –1031. http://dx.doi.org/10.1086
/512807.

29. CDC. 2012. Notes from the field: norovirus infections associated with
frozen raw oysters—Washington, 2011. MMWR Morb Mortal Wkly Rep
61:110.

30. Beuchat LR. 2006. Vectors and conditions for preharvest contamination
of fruits and vegetables with pathogens capable of causing enteric diseases.
Br Food J 108:38 –53. http://dx.doi.org/10.1108/00070700610637625.

31. Sabrina C, Suzanne T. 2013. Commodity highlight: bell peppers. USDA
Economic Research Service, Washington, DC.

32. Kim SJ, Si J, Lee JE, Ko G. 2012. Temperature and humidity influences
on inactivation kinetics of enteric viruses on surfaces. Environ Sci Technol
46:13303–13310. http://dx.doi.org/10.1021/es3032105.

33. US Environmental Protection Agency. 2001. Method 1602: male-specific
(F	) and somatic coliphage in water by single agar layer (SAL) procedure.
Office of Water, US Environmental Protection Agency, Washington, DC.

34. Gabrielsson J, Weiner D. 2001. Pharmacokinetic and pharmacodynamic
data analysis: concepts and applications, vol 2. CRC Press, Boca Raton, FL.

35. Corbo MR, Bevilacqua A, Campaniello D, D’Amato D, Speranza B,
Sinigaglia M. 2009. Prolonging microbial shelf life of foods through the
use of natural compounds and non-thermal approaches—a review. Int J
Food Sci Technol 44:223–241. http://dx.doi.org/10.1111/j.1365-2621
.2008.01883.x.

36. Buzrul S, Alpas H. 2007. Modeling inactivation kinetics of food borne
pathogens at a constant temperature. LWT Food Sci Technol 40:632– 637.
http://dx.doi.org/10.1016/j.lwt.2006.02.019.

37. Kingsley DH, Holliman DR, Calci KR, Chen H, Flick GJ. 2007. Inacti-
vation of a norovirus by high-pressure processing. Appl Environ Micro-
biol 73:581–585. http://dx.doi.org/10.1128/AEM.02117-06.

38. Kamau D, Doores S, Pruitt K. 1990. Enhanced thermal destruction of
Listeria monocytogenes and Staphylococcus aureus by the lactoperoxi-
dase system. Appl Environ Microbiol 56:2711–2716.

39. Xiong R, Xie G, Edmondson A, Sheard M. 1999. A mathematical model
for bacterial inactivation. Int J Food Microbiol 46:45–55. http://dx.doi.org
/10.1016/S0168-1605(98)00172-X.

40. Sánchez G. 2013. HAV survival and inactivation under different food
processing conditions, p 21–32. In Sánchez G (ed), Hepatitis A virus in
food, 5th ed. Springer, New York, NY.

41. Kingsley DH, Richards GP. 2003. Persistence of hepatitis A virus in
oysters. J Food Prot 66:331–334.

42. Croci L, De Medici D, Scalfaro C, Fiore A, Toti L. 2002. The survival of
hepatitis A virus in fresh produce. Int J Food Microbiol 73:29 –34. http:
//dx.doi.org/10.1016/S0168-1605(01)00689-4.

43. Nappier SP, Graczyk TK, Schwab KJ. 2008. Bioaccumulation, retention,
and depuration of enteric viruses by Crassostrea virginica and Crassostrea
ariakensis oysters. Appl Environ Microbiol 74:6825– 6831. http://dx.doi
.org/10.1128/AEM.01000-08.

44. Burkhardt W, Calci KR. 2000. Selective accumulation may account for
shellfish-associated viral illness. Appl Environ Microbiol 66:1375–1378.
http://dx.doi.org/10.1128/AEM.66.4.1375-1378.2000.

45. Landry EF, Vaughn J, Vicale T, Mann R. 1983. Accumulation of sedi-
ment-associated viruses in shellfish. Appl Environ Microbiol 45:238 –247.

46. Tian P, Bates AH, Jensen HM, Mandrell R. 2006. Norovirus binds to
blood group A-like antigens in oyster gastrointestinal cells. Lett Appl
Microbiol 43:645– 651. http://dx.doi.org/10.1111/j.1472-765X.2006
.02010.x.

47. Le Guyader FS, Loisy F, Atmar RL, Hutson AM, Estes MK, Ruvoën-
Clouet N, Pommepuy M, Le Pendu J. 2006. Norwalk virus-specific
binding to oyster digestive tissues. Emerg Infect Dis 12:931–936. http://dx
.doi.org/10.3201/eid1206.051519.

48. Tian P, Engelbrektson AL, Jiang X, Zhong W, Mandrell RE. 2007.
Norovirus recognizes histo-blood group antigens on gastrointestinal cells
of clams, mussels, and oysters: a possible mechanism of bioaccumulation.
J Food Prot 70:2140 –2147.

49. Tan M, Jiang X. 2011. Norovirus-host interaction: multi-selections by
human histo-blood group antigens. Trends Microbiol 19:382–388. http:
//dx.doi.org/10.1016/j.tim.2011.05.007.

50. Ruvoën-Clouet N, Belliot G, Le Pendu J. 2013. Noroviruses and histo-
blood groups: the impact of common host genetic polymorphisms on
virus transmission and evolution. Rev Med Virol 23:355–366. http://dx
.doi.org/10.1002/rmv.1757.

51. Huang P, Farkas T, Marionneau S, Zhong W, Ruvoën-Clouet N, Mor-
row AL, Altaye M, Pickering LK, Newburg DS, LePendu J. 2003.
Noroviruses bind to human ABO, Lewis, and secretor histo-blood group
antigens: identification of 4 distinct strain-specific patterns. J Infect Dis
188:19 –31. http://dx.doi.org/10.1086/375742.

52. Farkas T, Cross RW, Hargitt E, Lerche NW, Morrow AL, Sestak K.
2010. Genetic diversity and histo-blood group antigen interactions of rhe-
sus enteric caliciviruses. J Virol 84:8617– 8625. http://dx.doi.org/10.1128
/JVI.00630-10.

53. Di Girolamo R, Liston J, Matches J. 1977. Ionic bonding, the mechanism
of viral uptake by shellfish mucus. Appl Environ Microbiol 33:19 –25.

54. Esseili MA, Wang Q, Saif LJ. 2012. Binding of human GII.4 norovirus
virus-like particles to carbohydrates of romaine lettuce leaf cell wall ma-
terials. Appl Environ Microbiol 78:786 –794. http://dx.doi.org/10.1128
/AEM.07081-11.

55. Wang Q, Zhang Z, Saif LJ. 2012. Stability of and attachment to lettuce
by a culturable porcine sapovirus surrogate for human caliciviruses.
Appl Environ Microbiol 78:3932–3940. http://dx.doi.org/10.1128
/AEM.06600-11.

56. Troller J. 2012. Water activity and food. Elsevier, San Francisco, CA.
57. Slade L, Levine H, Reid DS. 1991. Beyond water activity: recent advances

based on an alternative approach to the assessment of food quality and
safety. Crit Rev Food Sci Nutr 30:115–360. http://dx.doi.org/10.1080
/10408399109527543.

58. Mathlouthi M. 2001. Water content, water activity, water structure and
the stability of foodstuffs. Food Control 12:409 – 417. http://dx.doi.org/10
.1016/S0956-7135(01)00032-9.

59. Zhao Y, Aarnink AJ, Dijkman R, Fabri T, de Jong MC, Koerkamp
PWG. 2012. Effects of temperature, relative humidity, absolute humidity,
and evaporation potential on survival of airborne Gumboro vaccine virus.
Appl Environ Microbiol 78:1048 –1054. http://dx.doi.org/10.1128/AEM
.06477-11.

60. Chan K, Peiris J, Lam S, Poon L, Yuen K, Seto W. 2011. The effects of
temperature and relative humidity on the viability of the SARS coronavi-
rus. Adv Virol 2011:734690. http://dx.doi.org/10.1155/2011/734690.

Effect of Temperature and RH on Virus Survival

March 2015 Volume 81 Number 6 aem.asm.org 2081Applied and Environmental Microbiology

http://dx.doi.org/10.1093/infdis/164.5.852
http://dx.doi.org/10.1093/infdis/164.5.852
http://dx.doi.org/10.1111/j.1574-6976.2002.tb00610.x
http://dx.doi.org/10.1111/j.1574-6976.2002.tb00610.x
http://dx.doi.org/10.1258/0007142001902879
http://dx.doi.org/10.1016/j.femsre.2004.02.001
http://dx.doi.org/10.1016/j.femsre.2004.02.001
http://dx.doi.org/10.1128/AEM.06887-11
http://dx.doi.org/10.1128/AEM.06887-11
http://dx.doi.org/10.1086/381671
http://dx.doi.org/10.1002/jmv.20402
http://dx.doi.org/10.1002/jmv.20402
http://dx.doi.org/10.1016/j.ifset.2005.04.001
http://dx.doi.org/10.1016/j.watres.2005.12.005
http://dx.doi.org/10.1016/j.watres.2005.12.005
http://dx.doi.org/10.1128/AEM.71.1.339-343.2005
http://dx.doi.org/10.1086/512807
http://dx.doi.org/10.1086/512807
http://dx.doi.org/10.1108/00070700610637625
http://dx.doi.org/10.1021/es3032105
http://dx.doi.org/10.1111/j.1365-2621.2008.01883.x
http://dx.doi.org/10.1111/j.1365-2621.2008.01883.x
http://dx.doi.org/10.1016/j.lwt.2006.02.019
http://dx.doi.org/10.1128/AEM.02117-06
http://dx.doi.org/10.1016/S0168-1605(98)00172-X
http://dx.doi.org/10.1016/S0168-1605(98)00172-X
http://dx.doi.org/10.1016/S0168-1605(01)00689-4
http://dx.doi.org/10.1016/S0168-1605(01)00689-4
http://dx.doi.org/10.1128/AEM.01000-08
http://dx.doi.org/10.1128/AEM.01000-08
http://dx.doi.org/10.1128/AEM.66.4.1375-1378.2000
http://dx.doi.org/10.1111/j.1472-765X.2006.02010.x
http://dx.doi.org/10.1111/j.1472-765X.2006.02010.x
http://dx.doi.org/10.3201/eid1206.051519
http://dx.doi.org/10.3201/eid1206.051519
http://dx.doi.org/10.1016/j.tim.2011.05.007
http://dx.doi.org/10.1016/j.tim.2011.05.007
http://dx.doi.org/10.1002/rmv.1757
http://dx.doi.org/10.1002/rmv.1757
http://dx.doi.org/10.1086/375742
http://dx.doi.org/10.1128/JVI.00630-10
http://dx.doi.org/10.1128/JVI.00630-10
http://dx.doi.org/10.1128/AEM.07081-11
http://dx.doi.org/10.1128/AEM.07081-11
http://dx.doi.org/10.1128/AEM.06600-11
http://dx.doi.org/10.1128/AEM.06600-11
http://dx.doi.org/10.1080/10408399109527543
http://dx.doi.org/10.1080/10408399109527543
http://dx.doi.org/10.1016/S0956-7135(01)00032-9
http://dx.doi.org/10.1016/S0956-7135(01)00032-9
http://dx.doi.org/10.1128/AEM.06477-11
http://dx.doi.org/10.1128/AEM.06477-11
http://dx.doi.org/10.1155/2011/734690
http://aem.asm.org

	Effect of Temperature and Relative Humidity on the Survival of Foodborne Viruses during Food Storage
	MATERIALS AND METHODS
	Preparation of viral stocks.
	Characterization of viral survival on oysters and peppers under various environmental conditions.
	Quantification of infectious viruses by a plaque assay.
	Fitting the experimental data to three different models.
	Statistical analysis.

	RESULTS
	Inactivation curves of viruses under different temperature and RH conditions.
	Model evaluation of the experimental data.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


